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Open Questions in Fundamental Symmetries and Neutrino Physics

Majorana Neutrinos, Neutrinos Mass Hierarchy,
CP-Violation in Neutrino Sector, Dark Matter

with
Carlson & Gandol� (LANL) & Baroni (USC) & Schiavilla (ODU+JLab)

Pieper & Wiringa (ANL) & Piarulli (ANL+WashU) & Lovato (ANL+INFN) & Rocco (ANL+FNAL)
and with

Mereghetti & Dekens & Cirigliano & Graesser (LANL)
de Vries (Nikhef) & van Kolck (AU+CNRS/IN2P3)
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Nuclear Physics for the Neutrino Program
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* Accurate calculations ofn-nucleus cross-sections
* in a wide range of energy/momentum transfer

* Targets: fromd to 40Ar and more

* (More) Exclusive Channels

P(nm ! ne) = sin22qsin2
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* In this talk: The Quantum Monte Carlo community's effort*
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Towards a coherent and uni�ed picture of neutrino-nucleus interactions

* w � few MeV, q � 0: b -decay,bb -decays
* w � few MeV, q � 102 MeV: Neutrinolessbb -decays
* w . tens MeV: Nuclear Rates for Astrophysics
* w � 102 MeV: Accelerator neutrinos,n-nucleus scattering(
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The Microscopic (orab initio) Description of Nuclei
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Develop acomprehensive theorythat describesquantitativelyandpredictably
all nuclear structure and reactions

* Accurate understanding ofinteractions between nucleons, p's andn's
* and betweenelectronsandneutrinoswith nucleons, nucleons-pairs,: : :

* Electroweak Nucleonic Form Factors are inputs of theab initio framework

H Y = EY

Y(r1; r2; :::; rA;s1;s2; :::;sA; t1; t2; :::; tA)

Erwin Schrödinger
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Nuclear Interactions

The nucleus is made of A non-relativistic interacting nucleons and its energy is

H = T + V =
A

å
i= 1

ti + å
i< j

uij + å
i< j< k

Vijk + :::

whereuij andVijk aretwo- andthree-nucleon operators based on EXPT data �tting
and �tted parameters subsume underlying QCD

Pastoreet al. PRC80(2009)034004

�

�

�

* QMC: AV18+UIX / AV18+IL7
Wiringa+Schiavilla+Pieperet al.

* QMC: NN(N2LO)+3N(N2LO)(p&N)
Gerzelis+Tews+Epelbaum+Gandol�+Lynnet al.

* QMC: NN(N3LO)+3N(N2LO)(p&N&D)
Piarulli et al.
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Quantum Monte Carlo Methods
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Solve numerically the many-body problem

H Y = EY

Y(r1; r2; :::; rA;s1;s2; :::;sA; t1; t2; :::; tA)

Y arespin-isospinvectors in3A dimensions with 2A � A!
Z!(A� Z)! components

4He : 96
6Li : 1280

8Li : 14336
12C : 540572

using Variational and Green's Function MC Methods
one12C energy calculation takes� 15k core hours in VMC

and� 75k core hours in GFMC
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Energy Spectrum and Shape of Nuclei

Piarulli et al.

PRL120(2018)052503

Lovatoet al.

PRL111(2013)092501
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Nuclear Currents

1b 2b
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r =

A

å
i= 1

r i + å
i< j

r ij + ::: ;

j =
A

å
i= 1

j i + å
i< j

j ij + :::

* Nuclear currents given by the sum ofp's andn's currents,one-body currents(1b)

~Sp

~Sn

~Lp

* Two-body currents(2b) essential to satisfy current conservation
* We useMeson-Exchange Currents (MEC)or cEFT Currents

q + : : :

N N



q� j = [ H; r ] =

�
ti + uij + Vijk ; r

�
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EM Moments, EM Decays ande-scattering off nuclei
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Pastoreet al. PRC87(2013)035503 Lovatoet al. PRC91(2015)062501

Electromagnetic data are explained when
two-body correlationsandcurrentsare accounted for!
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Inclusive(e;n) scattering

* inclusive xsecs*

d2s
dE0dWe0

= sM [vLRL(q;w)+ vTRT(q;w)]

Ra (q;w) = å
f

d
�
w + E0 � Ef

�
jh f jOa (q)j0ij 2

Longitudinalresponse induced byOL = r
Transverseresponse induced byOT = j
... 5 nuclear responses inn-scattering...

q

`

`0

* Sum Rules*
Exploit integral properties of the response functions +
closure to avoid explicit calculation of the �nal states

S(q; t ) =
Z ¥

0
dw K(t ;w) Ra (q;w)

* Coulomb Sum Rules*

Sa (q) =
Z ¥

0
dw Ra (q;w) µ h0jO†

a (q)Oa (q)j0i
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Sum Rules and Two-Body Physics
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Carlsonet al. PRC65(2002)024002

ST(q) µ h0jj† j j0i

µ h0jj1b
† j1bj0i + h0jj1b

† j2bj0i + : : :

� j = j1b + j2b

� enhancement of the transverse
response is due to interference between
1band2bcurrentsAND presence of
two-nucleon correlations�

hj y1b j1bi > 0

hjy1b j2b v� i / h v2
� i > 0
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Recent Developments on Inclusive Electron Scattering off12C

Electromagnetic Transverse Responses
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q = [ 300� 750] MeV

Lovato & Gandol� et al. PRC91(2015)062501 & arXiv:1605.00248

Electromagnetic data are explained when
two-body correlationsandcurrentsare accounted for!
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Recent Developments on Inclusive Neutrino Scattering off12C

NC Inclusive Xsec
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q = 750 MeV
Lovato & Gandol� et al. PRC97(2018)022502

� 100 million core hours
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Challenges and Opportunities

***
1: How to describe electroweak-scattering offA > 12

without losing two-body physics(i.e., two-body correlations and currents)?

2: How to incorporate (more)exclusive processes?

3: How to incorporaterelativistic effects?
***
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The Present and Future of Quantum Monte Carlo Calculations

�gure by Lonardoni

Use of Quantum Computers is being also explored - Roggero, Baroni, Carlson, Perdueet al.

One-body momentum distributions

�

Lonardoniet al. to appear on PRC arXiv:1804.08027

Two-body momentum distributions
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Factorization: The Short-Time Approximation

R(q;w) = å
f

d
�
w + E0 � Ef

�
h0jO†(q)jf ih f jO(q)j0i

R(q;w) =
Z

dth0jO†(q) ei(H� w)t O(q)j0i

At short time, expandP(t) = ei(H� w)t and keep up to2b-terms

H � å
i

ti + å
i< j

uij

and

O†
i P(t)Oi + O†

i P(t)Oj + O†
i P(t)Oij + O†

ij P(t)Oij

1b 2b

q

`

`0

q

`

`0

WITH
Carlson & Gandol� (LANL) & Schiavilla (ODU+JLab) & Wiringa (ANL)
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Factorization up to two-body operators: The Short-Time Approximation (STA)

Response functions are given by the scattering off
pairs of fully interacting nucleons that propagate into a

correlated pair of nucleons

q

`

`0

� j f >

R(q;w) = å
f

d
�
w + E0 � Ef

�
h0jO†(q)jf ih f jO(q)j0i

O(q) = O(1)(q)+ O(2) (q) = 1b+ 2b

j f i � j y p;P;J;M;L;S;T;MT (r;R)i = correlatedtwo� nucleon w:f:

* We retaintwo-body physicsconsistentlyin the nuclear interactionsand
electroweak currents

* STA can describe more two-body physics,e.g., pion-production induced bye andn

R(q;w) �
Z

d (w + E0 � Ef ) dWP dWp dPdp
�
p2 P2h0jO†(q)jp;Pih p;PjO(q)j0i

�
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The Short-Time Approximation
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R(q;w) �
Z

d (w + E0 � Ef ) dWP dWp dPdp
�
p2 P2h0jO†(q)jp;Pih p;PjO(q)j0i

�

* Preliminary results *
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STA back to back scattering

JLab, Subediet al. Science320(2008)1475
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* Preliminary results *
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The Short-Time Approximation
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* Preliminary results *
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Quantum Monte Carlo Studies for the Neutrino Program

Two-nucleon correlationsandtwo-body electroweak currents
are crucial to explain available experimental data

* Exact GFMC calculations of inclusive NC xsecs off12C are available

* Quantum Monte Carlo Calculations extended to nuclei withA � 40

* Short-Time-Approximation developed to evaluateu-A scattering inA > 12 nuclei

* STA retains two-body physics in the inter-nucleon interactions and currents

* STA is in excellent agreement with both exact calculations and data

* STA susceptible of describing exclusive processes,e.g., pion-production

* We are joining the efforts of Betancourtet al. and Perdueet al.

q

`

`0
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Nuclear Physics for the Neutrino Program

* Accurate calculations ofn-nucleus cross-sections
* in a wide range of energy/momentum transfer

* Targets: fromd to 40Ar and more

* (More) Exclusive Channels

P(nm ! ne) = sin22qsin2
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